Background Melanotic neuroectodermal tumour of infancy (MNTI) is a rare neoplasm of neural crest origin. Objective To describe three further cases of MNTI, with emphasis on CT and MRI findings. Materials and methods Data for children with histologically confirmed MNTI following biopsy or surgery were retrieved. Three children with available imaging at the time of diagnosis were included in the study. Results All three children had primary tumour in the head and neck region: one in the maxilla, one in the occipital bone (extra-axial but with intracranial extension) and one with an unusual tumour growing exophytically from the subcutaneous tissues adjacent to the occipital bone. All tumours were iso/hypointense both on T1-and T2-weighted MRI, and showed marked contrast enhancement in their non-ossified components. CT allowed identification of bone destruction and remodelling. Conclusion Our findings are consistent with previously reported cases of MNTI regarding age at presentation and location in the head and neck region. Our MR findings did not demonstrate the typical pattern of T1-shortening expected from melanin deposition.
Introduction
Melanotic neuroectodermal tumour of infancy (MNTI) is a rapidly growing, melanin-containing tumour, which-despite its locally aggressive behaviour-is generally classified as a benign tumour. Presence of melanin in this tumour is said to give it distinct clinicopathological, immunohistochemical, ultrastructural and imaging features [1] .
In 1918, Krompecher [2] first described this tumour under the name of congenital melanocarcinoma, believing it to be derived from pigmented odontogenic or epithelial cells. Difficulty in deciding the cellular origin has led to a variety of terminologies assigned to this tumour, including melanotic epithelial odontoma, pigmented teratoma, atypical melanoblastoma, melanotic adamantinoma and pigmented epulis. In 1966, Borello and Grolin [3] first used the name "melanotic neuroectodermal tumour of infancy" to describe a tumour in the maxilla of a 3-month-old boy with high urinary levels of vanillylmandelic acid (VMA). Subsequent histochemical, ultrastructural and immunophenotypic studies have confirmed a neural crest origin of this tumour. There are only a few cases of MNTI in the radiological literature. The purpose of this case series is to document the imaging findings in MNTI to contribute to its small but accruing radiological data.
Materials and methods
Research and developmental office and institutional review board approvals were received for this retrospective analysis at our two centres. Data for patients with histologically confirmed MNTI following biopsy or surgery, between 1990 and 2010, was retrieved from departmental archives at Great Ormond Street Hospital, London and St. Jude Children's Research Hospital, Memphis, TN, USA. Clinical details were obtained from the radiology request forms and clinical case notes. The radiological investigations performed (plain radiographs, US, scintigraphy, CT and MRI) before and following the diagnosis were retrospectively reviewed in conjunction with the initial radiology reports.
Results
Three children were included in the study with all available imaging at the time of diagnosis; all three were boys, with an age range of 1-6 months at the time of initial imaging. MR was performed in all three children, CT in two and US in one. Two further children with a confirmed diagnosis of MNTI were not included as their imaging studies had not been archived and hence were not available for review. Imaging findings are summarised in Table 1 .
Case 1
This Afro-Caribbean boy was found to have ventriculomegaly on prenatal sonography. At birth he was noted to have a "lump on the back of his skull." CT of the head was performed at the local community hospital and was not available for review; however, it had been interpreted as normal at the local hospital. At 6 months of age, the child was taken to a local physician because of parental concern regarding the same skull mass. A subsequent MRI revealed a 6×6×5-cm intracranial, extraaxial, solid, intensely enhancing mass arising from the left occipital bone with associated spiculated hyperostosis. The was disease-free at 10 months after primary tumour resection and remains under follow-up.
Case 2 A 1-month-old white male was referred with a rapidly growing tumour of the left maxilla. Swelling in the anterior maxilla had been noticed at 2 weeks of age, but the swelling had rapidly increased in size. There was a history of progressive feeding difficulty. On clinical examination, a firm, non-ulcerated, non-tender, bluish tumour of approximately 2×2 cm was seen on the left side of the anterior maxilla. CT of the head and neck showed an isointense soft-tissue mass (Fig. 2) . The tumour continued to grow rapidly, confirmed by a plain radiograph of the maxilla. Surgical excision of the tumour was performed and the histopathology demonstrated MNTI, which extended to the resection margins. The boy continued to be symptomatic and a non-contrast-enhanced MRI was performed 1 month later, which showed the mass now displacing the left eye and extending across the midline. The mass was predominantly hypointense to brain on both the T1-and T2-weighted sequences. A bone scintigram performed with technetium-99m-labelled methylene diphosphate showed abnormal uptake in the left maxillary region (Fig. 2) . A second operation was performed with resection of the orbital rim. Chemotherapy was alternated between OJEC and OPEC (etoposide, vincristine and cyclosphosphamide with alternating cisplatin [OPEC] or carboplatin [OJEC]) for six cycles, of which one cycle was given before the second surgical excision. Clinical examination and MRI showed no recurrence at 3-year follow-up.
Case 3
A pea-sized lump was noticed posterior to the right ear at 2 weeks of age in a male infant of Turkish origin. This continued to slowly grow, with no overlying skin changes, tenderness or mobility. The child was otherwise asymptomatic and thriving. The child presented at the age of 4 months with a mass, for which US was performed. This showed an exophytic, extra-cranial soft-tissue mass causing remodelling of the occipital bone. It had a two-layer pattern of a hypoechoic outer layer and hyperechoic inner component (Fig. 3) . CT of the head and neck demonstrated a homogeneously isodense soft-tissue mass (Fig. 3) . A subsequent MRI was performed 2 weeks later and showed that the mass had further increased in size. The lesion was isointense to brain on the T1-weighted sequence and hypointense to brain on the T2-weighted sequence. The lesion demonstrated marked contrast enhancement (Fig. 3) . Following fineneedle biopsy, MNTI was diagnosed. This was treated with surgical removal of the tumour and the adjacent occipital bone. The biopsy obtained following surgical excision showed that the MNTI had arisen from the periosteum of the occipital bone. The resection margins were clear. The child had MRI follow-up for 1 year, which showed no evidence of recurrence. He was then followed clinically for 3 years, with no tumour recurrence.
Discussion
MNTI is generally found in children younger than 1 year of age and without sex predilection; all three children in our series were 6 months of age or younger. Rare cases have been reported in older children and adults. MNTI usually presents in the head and neck region, because of its origin from the neuroectoderm. Around 70% occur in the maxilla, followed by the skull (11%) and mandible (6%) [4] . Lesions arising within the skull are seen at the sutures and about half occur around the anterior fontanelle. Brain parenchymal involvement generally results from intra-axial extension of skull lesions, although reported cases of primary tumours have arisen in the cerebellar vermis and third ventricle [5] . Uncommon sites of MNTI include the orbits, meninges, femur, epididymis, ovary, uterus and mediastinum [6, 7] . All three of our cases were present within the head and neck region including the maxilla (case 2) and occipital bone (case 1). Case 3 was an atypical exophytic lesion arising from the periosteum of the occipital bone. Children typically present with a non-tender, non-ulcerated, rapidly-growing soft-tissue swelling. The tumour causes compression rather than infiltration of adjacent structures, with local invasion causing tooth displacement, bone destruction, expansion and remodelling. Elevated levels of urinary vanillylmandelic acid, a finding supportive of the neural crest origin of the tumour, may be of diagnostic help in a minority of patients. Macroscopicallly, these tumours are usually firm, lobulated, well circumscribed but not encapsulated. Microscopic examination demonstrates a typical biphasic cell population composed of collections of larger, melanin-containing epithelial-like cells and smaller, round neuroblast-like cells [8] , although both populations may sometimes be difficult to identify on fine-needle biopsies or following chemotherapy.
The initial radiographic appearance of MNTI osseous lesions is typically that of a well-demarcated radiolucent lesion with bone-expansion. As the tumour enlarges, it causes bone destruction and in some cases tooth displacement. Occasionally a faint spiculated or "sunburst" appearance may be seen [9] . In our series only one plain radiograph was available (Fig. 2) , which demonstrated a well-defined lesion of increased density secondary to hyperostosis. Limited literature is available regarding MIBG studies as an aid to diagnosis, although Chossegros et al. [10] suggested that the tumour is MIBG-negative. Increased uptake was demonstrated in case 2 on bone scintigraphy, however MIBG was not performed.
US has been performed for peripheral lesions of MNTI and tends to show well-defined lesions of heterogeneous echogenicity and minimal vascularity, although there are only seven reported cases that involve the subcutaneous tissues [11] . No previous US findings with CT and MR correlation have been described for a calvarial MNTI. In our case 3 (Fig. 3) , the lesion was well-defined and demonstrated a two-layer pattern consisting of a hypoechoic outer part and hyperechoic inner component.
CT defines the extent of the lesion, clearly delineates osseous involvement and provides a good basis for surgical planning. Maxillary lesions may show bone expansion and destruction, sometimes with "free-floating" teeth; calvarial lesions may show spiculation and hyperostosis and the adjacent bones can be thickened due to reactive sclerosis [9] . The CT findings in two of our cases demonstrated bone remodelling in a calvarial lesion and bone destruction in a maxillary lesion. We had two further cases in which CT reports were available at the time of diagnosis of maxillary MNTI, however the imaging itself was not available; the reports for these cases also suggested that maxillary lesions cause bone destruction and "free-floating teeth". The softtissue component has been described as typically appearing as a well-defined and slightly hyperdense mass, which is attributed to melanin [12] . Enhancement with intravenous contrast material is often seen. The soft-tissue component of the lesions appeared well-defined and isodense in our cases.
Maxillary and calvarial MNTIs have been described to show T1-shortening due to extensive melanosis within the tumour [1, 5, 13, 14] . Melanin is a free radical trap that chelates paramagnetic metal ions [13] . The presence of unpaired electrons of the free radicals and of the chelated metal ions enhances T1-relaxation and leads to an increase in signal on T1-weighted images [13] . This was not seen in our cases, which might be attributed to the variable amounts of connective tissue stroma, frequent variation in the amount of melanin deposition and the maturity of melanosomes. MNTI has more commonly been described to be isointense on T1-weighted images [9, 15] . MNTIs in our series were predominantly isointense or hypointense to brain on T1-weighted images. A previous case of MNTI arising from the right maxilla in a female infant has been reported from Great Ormond Street Hospital [9] , in which the mass also appeared isointense on the T1-weighted sequences.
MNTIs in our series were predominantly isointense or hypointense to brain on T2-weighted images. Melanin causes heterogeneous magnetic susceptibility of the surrounding environment, causing rapid T2-decay and enhanced T2-relaxation, which lowers the signal intensity on T2-weighted sequences [5] . MNTI has also been previously reported to appear slightly hyperintense on T2-weighted images [16] . The tumour may contain areas of reduced signal on both T1-and T2-weighted images corresponding to areas of calcification, or in tumour lying near hyperostotic bone [9] . This was observed case 1, in whom peripheral hypointensity was seen in a spiculated distribution on T1-and T2-weighted sequences adjacent to the occipital bone (Fig. 1) . In case 2, the low signal on the T1-and T2-weighted sequences might be due to hyperostosis that was not evident on the initial CT but was seen on the subsequent radiograph performed 1 month later. Alternatively, this might be due to high cellularity of the tumour.
Contrast enhancement on MRI is usually quite marked in all non-ossified components of MNTI, as demonstrated in our cases. The cellular component of tumour is expected to give restricted diffusion on diffusion-weighted images due to the abundance of small round cells and minimal cytoplasm [14] . MR angiography might be considered for tumours located in the midline of the skull to assess vascular encasement.
The radiological differential diagnoses of MNTI affecting the head and neck include developmental cysts, odontogenic lesions (e.g., ameloblastoma), infection and non-odontogenic lesions, such as fibromatosis, fibrous dysplasia and vascular malformations. However, rapid enlargement and associated bone destruction narrows the radiological differential diagnosis to tumours encountered during infancy, such as Langerhans cell histiocytosis, Ewing sarcoma, rhabdomyosarcoma, lymphoma, neuroblastoma metastasis and fibromatosis.
Due to a marked variability in imaging findings of MNTI, tissue biopsy is generally required. Surgical excision, without an incisional biopsy, can be performed based on clinical and radiological findings, for example when urinary vanillylmandelic acid is raised and neuroblastoma has been excluded. Surgery is the treatment of choice of MNTI and even large lesions can have a good prognosis. Preoperative imaging assists in delineating tumour margins, but should be performed early as MNTI often grows rapidly, and invades surrounding anatomical structures. The need for clear surgical excision margins is uncertain. Some authors suggest that wide surgical margins may not be necessary because tumour islets may regress spontaneously after incomplete excision, while others suggest tumour resection with wide surgical excision of at least 5 mm [9] . The difficulty in achieving adequate surgical margins can lead to the use of adjuvant chemotherapy. However, there are conflicting reports on the use of chemotherapy for MNTI. Some report disease progression and others document disease response in both metastatic and locally aggressive tumours [17] [18] [19] . The role of radiotherapy in the treatment of MNTI remains controversial [9] .
Although the majority of tumours are benign, about 35% recur [6, 9] . Recurrence may be the consequence of incomplete excision of the primary tumour, seeding during surgery or tumour multifocality. Metastatic spread, usually to regional lymph nodes, is rare, occurring in up to 7% of patients [9] . Unfortunately, it is difficult to determine the potential for recurrence or development of metastatic disease based on clinical, imaging or histopathological features, making postoperative follow-up with imaging essential in all cases.
Conclusion
The importance of early, accurate diagnosis of MNTI cannot be overstated because it has rapid growth potential. It should be considered in the differential diagnosis in a child younger than 1 year presenting with a head and neck mass, particularly in the maxillary region or calvarium. CT and MRI contribute in making the diagnosis. On CT, maxillary lesions may show bone expansion and destruction, sometimes with "free-floating" teeth; calvarial lesions may show spiculation and hyperostosis and the adjacent bones can be thickened. The softtissue components on CT in our cases were well-defined and isodense, contrary to the expected slightly hyperdense appearance that has been attributed to melanin. MNTIs in our series were isointense or hypointense on T1-weighted images and T2-weighted images, with marked contrast enhancement in the non-ossified components of the tumour. MRI findings in our series do not correspond with the typical T1-shortening expected from melanin deposition.
